It is demonstrated that the form birefringence related to the so-called nanogratings is quantitatively correlated to the porosity-filling factor of these nanostructures. We reveal that matters surrounding the nanopores exhibit significant refractive index decrease which is likely due to the fictive temperature increase and/or the presence of a significant amount of interstitial O 2 . The control of the porosity was achieved by adjusting the laser pulse energy and the number of pulses/micron i.e. the overlapping rate. Applications can be numerous in fast material processing by the production of nanoporous matter, and photonics by changing the optical properties.
Introduction
One of the main advantages of using femtosecond pulses to induce 3D refractive index changes is that energy can be rapidly deposited before thermal build-up which can occur. This restricts thermal spreading so simple, the relaxation kinetics associated with quenched glass do not easily explain changes beyond the damage region when low repetition rate lasers are used. These attributes allow compact 2-D and 3-D multi-component photonic devices [1] - [4] to be fabricated in a single step within a wide variety of transparent materials [5] . For many applications, silica glasses are the preferred material, providing excellent physical and chemical properties such as optical transparency from IR to UV, a low thermal expansion coefficient, long term stability and a high resistance to laser induced damage.
Depending on the pulse parameters, we may define a variety of different laser-material regimes. Typically, the key parameters that can be tuned are the laser repetition rate, the pulse energy and the polarization, with the laser pulse duration and wavelength usually being fixed [6] . In terms of repetition rate, two regimes are categorized: (1) the low repetition rate regime where the material changes are caused by individual pulses [7] ; and (2) the high repetition rate regime where changes arise due to cumulative thermal effects [8] since the time between each pulse is less than the thermal diffusion time of silica. In silica, the border between these regimes occurs around a repetition rate of 1 MHz although this is not easily defined since the thermal dissipation depends on volume and surface area. The investigations of this paper will focus in the low repetition rate regime. Depending on the exposure parameters, three qualitatively different types of structural changes can be induced in fused silica as recently review in [6] : (1) an isotropic positive refractive index change (type-I); (2) a form birefringence with negative index change [9] (type-II); and (3) voids (type-III). Type-I modifications occur above an energy of ~ 0.1 μJ (λ = 800 nm, Δt p = 160 fs, 200 kHz and NA = 0.5) where the index change is permanent and isotropic with a slight stress birefringence [10] [11] . The maximum index change is Δn ~ (3 -6) × 10 −3 in fused silica [7] which is relatively large when compared with the index change achievable with nanosecond lasers [12] [13] .
In contrast, Type-II modifications are significantly different and happen above a higher energy threshold of 0.31 μJ (λ = 800 nm, Δt p = 160 fs, 200 kHz and NA = 0.5) [11] . The index change can be as large as Δn ~ −2 × 10 −2 [14] and exhibits impressive thermal durability, exhibiting no signs of decay after two hours at 1000˚C [15] . The most striking features of type-II modifications are that the index change is highly anisotropic. The origins of this anisotropy lie in the formation of sub-wavelength features of the so-called "nanogratings" or "nanoplanes" [16] . The nanoplanes are oriented perpendicular to the direction of /2n but it is the laser polarization. Their spacing is found to be dependent significantly on the pulse energy, and the number of laser pulses [17] . Recently, we have shown that these nanoplanes consisted of porous matter most likely produce as a result of decomposition of SiO 2 into SiO 2(1-x) + x•O 2 under the intense plasma generation [18] [19] . The formation of nanoporous silica likely explains the refractive index contrast of these nanostructures and thus the observed form birefringence. In this paper, we investigate in details the form birefringence model and the related porous nanoplanes produced by the interaction of the femtosecond laser with silica glass. We reveal that the so-called nanogratings and porous nanoplanes are correlated and we study their changes with both the pulse energy and the pulse-to-pulse overlap.
Experimental Details
The direct writing procedure using infrared femtosecond laser pulses has been already described extensively in other work [10] [20] and is reminded in Figure 1 . In this work, Ge-doped (12 w% in GeO 2 ) silica glass plates of 1 mm thickness and a refractive index equal to 1.4722 at 550 nm are used. Processing is undertaken with a femtosecond fibre laser (λ = 1030 nm, Δt p = 300 fs). The single mode output is focused below the surface of the silica plate using a 0.6 NA aspheric lens with the k vector of the beam being perpendicular to the surface of the plate. The sample can then be moved in three dimensions using computer-controlled stages. The linear polarization of the laser output was Figure 1 . Experimental setup scheme for configuration for writing (from the left side) and schematic of subwavelength periodic structure formed in cross-section of the irradiated region. n 1 et n 2 : local refractive indices of the nanoplates; t 1 and t 2 , are their respective thicknesses.
usually kept parallel to the sample translation direction (parallel configuration) although the polarization transverse configuration state was also explored. The laser pulse energy was varied over (0.05 -1) μJ; i.e. above the second damage threshold where nanostructures are formed. The scanning speed was varied from 10 up to 1000 μm/s and the repetition rate from 10 kHz up to 500 kHz. This allows varying the pulse-to-pulse overlapping rate from 1 up to 2 × 10 5 pulses/μm. After irradiation, QPm (Quantitative Phase Microscopy) and quantitative birefringence measurements were performed. The birefringence measurement is based on a Sénarmont compensator that couples a highly precise quarter waveplate with a 180-degree rotating analyzer to provide retardation measurements having an accuracy that approaches λ/100. The device is utilized for retardation measurements over one wavelength range (up to 551.5 nm) for the quantitative analysis of birefringence. Then in order to observe the intimate structure of the nanoplanes, it has been decided to use an original approach. The samples were cleaved using a diamond pen as described in the right side of Figure 1 . The laser tracks have been observed using a Field-Emission Gun Scanning Electron Microscope (FEG-SEM, ZEISS SUPRA 55 VP). This allows to examine uncoated dielectric specimens using low accelerating voltage (typ. in the range of 1 kV) and very low current (a few pA) because they can keep an image resolution good enough even in these extreme conditions) and thus the original characteristics of the samples may be preserved for further testing or manipulation (no conductive coating in particular).
Results
In order to correlate the birefringence to the existence of porous nanogratings, we have analyzed the laser tracks cross sections using SEM images in two different writing configurations noted Xx and Xy, namely parallel and perpendicular polarization to writing direction. In addition for better investigation, we have studied two parameters dependence: the pulse energy and the overlapping rate that is defined by the ratio of the laser repetition rate to the writing speed.
The FEG-SEM secondary electrons images shown in Figure 2 highlight the modifications morphology occur ring above T2 threshold for different pulse energy. The laser polarization was perpendicular to writing direction in order to reveal the nanoplanes or so-called nanogratings in the literature. Firstly, there is a trend towards increasing widths and lengths of the modified regions as the pulse energy increases from 0.2 to 1 μJ. In particular, we can observe that the number of nanoplanes in increasing along the width of the laser tracks. At low energy, we observe only 2 nanoplanes in the laser propagation direction for the studied overlapping rate that has been fixed at 10 3 pulses/micron. Then, above 0.6 μJ, disruptive modulation of the nanoplanes builds up in the head of the modified regions and becomes massive as the pulse energy is increased up to 1 μJ and above.
For a deeper investigation of the nanoplane structure, we turned the laser polarization 90˚ into a parallel configuration Xx (i.e. laser polarization is parallel to the scanning direction). As shown in Figure 3 , when the laser polarization is parallel to the scanning direction, one can directly image the modified region inside the nanoplanes of the head of the interaction volume. The image is not uniform in term of nanoporosity and we observed what appears to be a "white" layer arising from surface topography variations that corresponds to material between the nanolayers. In all our samples, we observed that these pores always occur along with nanoplane formation for pulse energies higher than 0.2 μJ. The observed morphology is similar to the perpendicular configuration in terms of laser track lengths and widths.
The retardance of those laser tracks was then measured by using the Sénarmont method as shown in Figure  4 (a). The pulse energy used in these experiments varied from 0.025 to 1 μJ. First, measurements highlight no retardance produced below 0.2 μJ/pulse, which confirms the previous measurement in the same irradiation conditions [6] . Then, the retardance increases up to 0.7 μJ/pulse and decreases for higher pulse energies. We observe the opposite phenomena with the QPm measurements, which consist in the difference of phase in non-irradiated substrate compared to the irradiated one. The phase difference is zero below 0.2 μJ/pulse, then decreases down to -2p at 0.7 μJ/pulse and increases at higher pulse energy. In order to deduce the quantitative birefringence from the retardance measurements, we need to determine the length (or the thickness) of the birefringent zone from the SEM images. The total length L t of the laser tracks and the length L nano of the nanostructured area (i.e. the porous nanoplane zone) are reported in Figure 4(b) . The whole laser track length (including head and tail) in increasing monotonously with the pulse energy whereas the length of the nanostructured area increases up to 0.6 μJ and then decreases for higher energy. We can notice that L nano curve exhibits the same qualitative shape as for the measured retardance shown in Figure 4(a) .
Next, in order to correlate the birefringence to the porous nanogratings characteristics, SEM images where analysed in order to deduce the nanoplanes and porosity changes according to the laser parameters. In perpendicular configuration Xy, we can see that the number of nanoplanes within the laser track width increases linearly from 0.2 μJ up to 1 μJ as reported in Figure 5(a) . At the same time, measurements extracted from SEM images reveal that the average spacing between nanoplanes is decreasing from 450 nm down to 330 nm when increasing the pulse energy up to 1 μJ. This last observation is in agreement with the literature [20] . From the data gathered in parallel configuration Xx we can deduce that the average pore size increases from 16 to 50 nm to 0.4 μJ/pulse and then decrease to 35 nm at higher energy as shown in Figure 5(b) . In contrast, the 2D porosity-filling factor of the nanoplans f  , defined by ratio between area of pores and the remaining area within a nanoplane, is independent of the laser pulse energy within the studied range. The porosity-filling factor is found to be around 36% ± 7% whatever the pulse energy may be. The FEG-SEM images in Figure 6 demonstrate the modification in the transformation morphology occurring for a parallel configuration Xx and for different overlapping rates (or pulse densities). The pulse energy was fixed to 0.5 μJ. For low or no overlapping rate i.e. 1 pulse/μm, only isotropic index changes are detected by optical microscopy and no specific nanostructure can be observed using SEM apart a slight contrast related to volume change. Then for overlapping rate in the range of 2 -20 pulses/μm we detect a topographic contrast e.g. see the white area. FEG-SEM also detects some kind of bubbles that evolves into elongated ones (1 micron in length and 100 nm wide) when increasing the overlapping from 2 to 5 pulses/μm. Finally the nanoplanes are porous for overlapping rate higher than 100 pulses/micron and up to 2 × 10 5 pulses/μm. Notice that for low repetition rate i.e. 1 -10 kHz, porous nanoplanes are also observed if the writing speed is small enough i.e. below 10 μm/s. Figure 7 highlights a specific laser track in SEM and its corresponding surface topography recorded in AFM as shown in Figure 7(b) . The area appearing white is dense matter, although having been irradiated, whereas the parts that present "roughness" are the cleaved nanoplanes.
After SEM images analysis we have plotted in Figure 8 the average pore size together with the porosity-filling factor f  according to the overlapping rate. The average pore size is strongly decreasing from 1 -1000 pulses/μm and it decreases from 62 nm down to 45 nm for higher overlapping rate. In contrast, the porosityfilling factor of 24% ± 5% is rather independent of overlapping rate for more than 100 pulses/μm.
Discussion
For an irradiated area larger than the probe beam, it is well known that the strength of form birefringence de- Figure 6 . FEG-SEM, Secondary electrons images of laser tracks cross-section for parallel writing configuration, according to overlapping rate in pulses/μm. The laser parameters were: 0.5 μJ/pulse, 1030 nm, 300 fs, 0.6 NA and Xx configuration. pends on the nanoplanes spacing, the nanolayers thicknesses (t 1 and t 2 ) and the refractive indices (n 1 and n 2 ) of these two nanolayers. The uniaxial birefringence Dn due to the nanogratings can be written as a refractive index difference between ordinary (n 0 ) and extraordinary (n e ) wave [21] : 
1 Λ f t t t t ⊥ = + = is the 1D nanogratings filling factor f ⊥ and Λ is the nanoplanes spacing, n 1 , n 2 , t 1 and t 2 are defined in Figure 1 and Figure 10 . This relation, valid for nanogratings, can be generalised for any anisotropic structures like series of nanoplanes, in the case where the probe beam diameter w is larger than nanoplanes area:
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and, in the case where w is smaller than nanoplane area:
where N p is the number of period Λ and w is probe beam diameter (equal to 1.2 μm in our experimental conditions) and t l is defined by Λ . We deduce a system (4) of 2 equations with 2 unknown variables e n and 0 n that we can solve:
The Figure 9 (a) shows the result after solving the above equations set. We observe that both ordinary and extraordinary refractive indices decrease down to 0.7 μJ/pulse and seem increase to higher energies. The maximum decrease is around −4 × 10 −2 and maximum birefringence Dn is around −7 × 10
. This order of magnitude is in agreement with previous publication from E. Bricchi et al. [21] .
From these experimental results, we can extract information about the matter within the porous nanoplanes and the matter around them. As shown in Figure 10 , these periodic structures are ruled in the direction perpendicular to the polarization of the writing laser and consist of thin regions of refractive index n 1 , characterized by a strong oxygen deficiency and oxide decomposition [6] , surrounded by larger regions of index n 2 . Using Equation (1) we can thus deduce 0 n and e n from n 1 , n 2 and based on the SEM measurements of the nanogratings filling factor f ⊥ . Then we can extract information related to the nanoplanes themselves. Indeed, based on the Maxwell-Garnett theory, the effective refractive index (n 1 ) of the mesoporous nanoplanes can be decomposed as follow:
where pore n and sg n is the local refractive index for nanopores and for surrounding regions, respectively.Thus assuming that the nanopores refractive index is equal to 1, we can deduce n sg . Figure 9(b) shows that the refractive index 2 n (red dots), corresponding to the matter between nanoplanes, seems to remain unchanged after laser irradiation, whereas the mesoporous nanoplanes exhibit a significant decrease of their refractive index 1 n (black squares) down to 1.25 that is mainly due to its porous nature. It's more difficult to explain the fact that n sg < n bg i.e. the matter in-between nanopores (blue triangles) exhibits a refractive index decrease! Whereas, we would expect to have under-stoichiometric silica and thus a refractive index larger than the background material n bg . We can interpret this refractive index decrease by an irreversible volume expansion 0 V ∆ > of the matter as a normal glass (12w% GeO 2 -doped silica) due to increase of a local fictive temperature. A second possibility may be that this matter in-between nanopores is composed of silica with a significant amount of Frenkel oxygen defects bg n (an interstitial oxygen and a vacancy) resulting in a refractive index decrease. Raman microspectroscopy has indeed revealed the presence of molecular oxygen dissolved in the glass matrix [18] [19] . In addition, since fluctuations of n 1 , n 2 and n sg , remain quite small, we can consider that the refractive indices are constant according to the laser pulse energy. So we can deduce that the birefringence changes are mainly due to structural modifications of the laser tracks namely the number of nanoplans, their length and their spacing.
Conclusions
Here, we analyzed the laser tracks in the condition for obtaining porous nanogratings and related anisotropic optical properties at the nanoscopic scale. We revealed that the magnitude of the birefringence could be accurately modeled based on SEM observations with the following input parameters: number of nanoplanes, nanoplanes thickness, nanostructuration length, and the porosity-filling factor. This study reveals definitely that modification of birefringence is mainly due to the structural modification (number of nanoplanes, their thickness and length) and not related to refractive index changes after laser irradiation according to energy or overlapping rate. It is Figure 10 . Schematic of sub-wavelength periodic structure formed in crosssection of the irradiated region. n 1 and n 2 : local refractive indices of the plates of the thickness t 1 and t 2 , respectively, pore worth noticing that the matter in-between nanopores exhibits significant refractive index decrease which is likely due to fictive temperature increase and/or the presence of a significant amount of interstitial O 2 in the silica surrounding nanopores.
The average pore size increases with the pulse energy and slightly decreases at high repetition rate or high overlapping rate. This should provide a way to reduce the light scattering related to the porous nanoplanes formation. From a practical perspective, such control allows the fabrication of mesoporous nanolayers that can be arranged in a nearly regular array, leading to many novel applications not only for birefringent devices (such as waveplates [22] , micro-patterned waveplates, polarization converters, 5D optical data storage) but we can also expect the catalysts, molecular sieves, encapsulants, and composites. Such mesoporous glass could also be used for filtration and separation of compounds. For example, by controlling the pore diameters and homogeneity, the mesoporous network allows permeability on a size-selective basis and can be integrated with high precision into waveguides and patterned components, a potentially more robust and efficient top-down alternative to methods based on bottom-up self-assembly.
